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( 57 ) ABSTRACT 
A rectenna for high efficiency RF - to - DC wireless energy 
harvesting that includes an off - center - fed dipole antenna and 
a rectifying circuit , wherein the rectifying circuit comprises 
at least one rectifying diode . The input impedance of the 
antenna may be directly conjugate matched to the imped 
ance of the rectifying circuit over a wide range of frequen 
cies and / or under different operating conditions . The imped 
ance matching network required by a conventional rectenna 
system may therefore be eliminated using the methods 
disclosed for the design and implementation of the rectenna . 
The rectenna offers consistently high RF - to - DC power con 
version efficiency over a wide range of frequencies and 
under different operating conditions . The rectenna may be 
connectible to a rectifying circuit utilizing different types of 
rectifying diodes . 
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BROADBAND RECTENNA rectennas without the need for impedance matching net 
works connectible between the antennas and the rectifiers . 
RELATED APPLICATIONS According to various aspects , methods are provided for 
simplifying broadband rectenna structures to make them 
The present application is a continuation of U . S . patent 5 more compact , lightweight , low cost and compatible with 
application Ser . No . 15 / 345 , 681 , filed Nov . 8 , 2016 . The printed circuit board - level integration . 
content of the above referenced application is incorporated According to various aspects , a structure for receiving 
herein by reference in its entirety for all purposes . broadband RF signals and accomplishing rectification of the 
received RF signals is disclosed . In some aspects , the 
BACKGROUND 10 connectible rectifying diode may be replaceable with vari 
ous rectifying elements without sacrificing the high RF - to 
Embodiments herein relate to rectifying antennas ( rect - DC power conversion efficiencies . In some embodiments , 
ennas ) for wireless power transfer . Some aspects of the load impedance values may be well matched to the broad 
disclosure are directed to broadband antennas ( also known band rectenna such that the high RF - to - DC power conver 
as wideband antennas ) , rectifying circuits or rectifiers , and 15 sion efficiency of the broadband rectenna may be maintained 
techniques for eliminating impedance matching networks at different input power levels and different load values . 
conventionally connected between the broadband antennas According to various embodiments , elements may be 
and the rectifiers . utilized for designing a rectenna including a modified off 
Wireless power transfer ( WPT ) , which converts electro - center - fed ( OCF ) dipole antenna having three pairs of dipole 
magnetic energy ( e . g . , microwave , radio frequency ( RF ) , 20 arms fed by a coplanar stripline . The antenna may be 
etc . ) to direct - current ( DC ) power , has been widely used in configured to receive RF signals efficiently while a rectify 
applications such as RF identification ( RFID ) and micro - ing circuit is configured to convert RF power received from 
wave energy powered unmanned aerial vehicle ( UAVs ) . In the antenna to a DC power output to power a load . 
recent years , due to the significant development in wireless The OCF dipole antenna may include two asymmetric 
communications , ( e . g . , cellular networks , wireless local area 25 dipoles comprising a pair of asymmetric arms each and one 
networks , etc . ) wireless transmitters are conveying increas - dipole comprising a pair of symmetric arms . In various 
ing amounts of electromagnetic energy over intervening embodiments , the antenna may comprise at least six arms . 
space to various receivers ( e . g . , cellular base stations , wire The arms may be configured to have a radial stub structure 
less devices , antennas , etc . ) . Ambient wireless energy har - for achieving higher impedance over a larger bandwidth , 
vesting , which collects energy from electromagnetic waves 30 e . g . , impedance over 10002 ( up to 4002 ) over a 2 to 1 
in the environment , is a favorable technology for supplying bandwidth . The asymmetric OCF dipole design may be 
continuous power to some self - sustainable standalone plat - employed for increasing the antenna impedance over a broad 
forms ( e . g . , wireless sensors , smoke alarms , health monitors , range of operating frequencies . 
etc . ) . A rectifying antenna ( rectenna ) , which converts RF The first asymmetric dipole may be configured to have a 
energy to DC power ( RF - to - DC ) , has been a key solution in 35 first arm that is longer than a second arm . In some embodi 
both aforementioned technologies . ments , a ratio of a length of the first arm to a length of the 
Conventional single - band rectennas are typically capable second arm may be approximately 7 / 3 . The first arm may 
of receiving RF power over a narrow frequency band and have a sector angle of 20 - degree associated with the radial 
converting the received narrowband RF power to DC power . stub structure , while the second arm may have a sector angle 
The DC power may be used to power devices ( e . g . , RFID 40 of 30 - degree associated with the radial stub structure . The 
devices , UAVs , etc . ) . Conventional multi - antenna and / or 20 - degree and the 30 - degree sector angles associated with 
broadband antenna energy harvesting systems combine the the radial stub structures are just examples and may be 
output power from different single - band antennas , each of changed in order to optimize the OCF dipole antenna 
which have a single operating frequency , an associated structure for achieving improved overall performance . 
impedance matching network and a rectifying circuit . The 45 The second asymmetric dipole may be configured to have 
requirement for the multi - band and broadband rectennas to a third arm that is longer than a fourth arm . In some 
have a corresponding broadband and multi - band impedance embodiments , a ratio of a length of the third arm to a length 
matching networks increase costs and weight , reduce effi - of the fourth arm may be approximately 7 / 3 . The third arm 
ciency , and introduce performance variations associated may have a sector angle of 20 - degree for the radial stub 
with the complexities of the impedance matching networks . 50 structure , while the fourth arm may have a sector angle of 
Moreover , due to a non - linearity of operation of the 30 - degree for the radial stub structure . 
rectifying circuit , the performance of broadband and multi The first and second asymmetric dipoles may be orthogo 
band rectennas using complex impedance matching net - nal to each other and have a pitch angle of 45 - degree relative 
works is very sensitive to varying operating conditions , such to the coplanar stripline . 
as varying input power levels and varying loads . 55 The third symmetric dipole may have two identical arms 
A need exists for rectennas comprising simple structures and have a sector angle of 30 - degree for the radial stub 
and achieving consistent performance . structure . 
The third symmetric dipole may be orthogonal to the 
SUMMARY coplanar stripline and have a pitch angle of 45 - degree 
60 relative to the first and second asymmetric dipoles . 
Various methods and apparatus are provided for achieving The antenna may include a substrate with the OCF dipole 
high RF - to - DC power conversion efficiencies over a wide antenna structure ( e . g . , patch ) disposed thereon , with no 
range of frequencies for broadband rectennas without the metallic plane or ground plane required to be positioned 
need for complex impedance matching networks con below the antenna structure . 
nectible between the antennas and the rectifiers . 65 In some embodiments , the rectifier may include a single 
Various methods and apparatus are provided for achieving shunt diode rectifier , which may include a shunt diode , a 
high RF - to - DC power conversion efficiencies for broadband series RF choke , and a low pass filter that may be connected 
US 10 , 090 , 595 B2 
tion . 
to a load . The diode may be a Schottky GaAs diode , while FIG . 7D shows a graph depicting a 3D antenna radiation 
the RF choke may be an inductor for removing high fre - pattern at 2 . 4 GHz of a rectenna according to various 
quency AC components generated by the diode and / or a embodiments . 
non - linear rectifying element . The low pass filter may be a FIG . 8 shows a graph depicting simulated and measured 
shunt capacitor configured to reduce a peak - to - peak ripple 5 RF - to - DC power conversion efficiency for the rectenna 
voltage output from the rectifier so that a stable DC power disclosed herein as a function of operating frequency . 
may be supplied to the load . The load may have an imped FIG . 9 shows a graph depicting RF - to - DC power conver 
ance and / or resistive value . For example , the load may be a sion efficiency versus input power level for a rectenna using 
resistor , or a super capacitor , or a DC - DC boost converter . different types of diodes according to various embodiments . 
In some embodiments , the rectifier may connect to the 10 FIG FIG . 10 shows a graph depicting frequency dependent 10 OCF dipole antenna directly , without using an impedance RF - to - DC power conversion efficiency of a rectenna using 
matching network to transform the impedance of the rectifier different types of diodes and input power levels according to to a resistive port ( e . g . 50 ohms ) . The aforementioned OCF 
various embodiments . dipole antenna may have a high impedance which may 
provide a conjugate match to the impedance of the rectifier . 15 FIG . 11 shows a graph depicting simulated frequency 
In some embodiments , the rectenna may have an operat dependent RF - to - DC power conversion efficiency of the 
ing frequency around 0 . 9 GHz . rectenna disclosed herein for different load values . 
In some embodiments , the rectenna may have a wide DETAILED DESCRIPTION range of operating frequencies or a large frequency band 
width ranging from approximately 1 . 8 GHz up to 2 . 45 GHz . 20 
Further scope of applicability of the present application Reference will now be made in detail to features of the 
will become more apparent from the detailed description embodiments , examples of which are illustrated in the 
given hereinafter . However it should be understood that the accompanying drawings , wherein like reference numerals 
detailed description and specific examples , while indicating refer to the like elements throughout . The features are 
preferred embodiments of the disclosure , are given by way 25 described below to explain the embodiments by referring to 
of illustration only , since various changes and modifications the figures . 
within the spirit and scope of the disclosure will become The term “ and / or ” includes any and all combinations of one 
apparent to those skills in the art from the detailed descrip - or more of the associated listed items . 
Hereinafter , description will be given of embodiments 
30 disclosed herein in more detail with reference to the accom BRIEF DESCRIPTION OF THE DRAWINGS panying drawings . In describing various aspects , the same 
component on different drawings may be designated by the Embodiments are herein described , by way of example same reference numeral , and repetitive description of the 
only , with reference to the accompanying drawings , same component will be omitted . 
wherein : 35 FIG . 1A shows a conventional rectifying antenna system . FIG . 1A shows a rectifying antenna ( rectenna ) system . A conventional rectenna 200 may consist of a receiving FIG . 1B shows a configuration view of a rectenna system antenna 100 , an impedance matching network 110 , a recti according to various embodiments . 
FIG . 2 shows a perspective view of an antenna according fying circuit and / or a rectifier 120 , and a load 130 . The 
to various embodiments . 40 impedance matching network 110 connectible between the 
FIGS . 3A and 3B show rectenna systems each comprising antenna 100 and the rectifier 120 may affect the operating 
an antenna and a rectifier according to various embodiments . frequency , the RF - to - DC power conversion efficiency and 
FIG . 4 shows a schematic of a circuit according to various the complexity of the system . 
embodiments . The impedance matching network 110 may be configured 
FIG . 5A shows a configuration of the circuit of FIG . 4 45 to reject higher harmonic signals generated by non - linear 
connected to the feed line of the antenna of FIG . 2 according rectifying elements of the conventional rectenna system . 
to various embodiments . Higher harmonic signal rejection by the impedance match 
FIG . 5B shows a perspective view illustrating the con - ing network 110 may prevent losses associated with the 
figuration of the rectifier of FIG . 4 connected to the feed line higher harmonic signals that may be re - radiated by the 
of the antenna of FIG . 2 . 50 antenna 100 as power lost . 
FIG . 6A shows a graph depicting the simulated real part It is very challenging to design an impedance matching 
impedance of the antenna in FIG . 2 compared with the network with harmonic rejection for multi - band or broad 
simulated real part impedance of a conventional center fed band rectennas , because the impedance of the rectifier 120 
dipole antenna . varies not only with the frequency , but also with input power 
FIG . 6B shows a graph comparing the simulated imagi - 55 levels and load values . Therefore , the structure of the 
nary input impedance of the antenna of FIG . 2 compared impedance matching network 110 may be very complex for 
with the simulated imaginary input impedance of a conven - the multi - band and the broadband rectennas , and this may 
tional center fed dipole antenna . introduce errors in manufacturing and other additional prob 
FIG . 7A shows a graph depicting a 3D antenna radiation lems . 
pattern at 0 . 9 GHz of an antenna according to various 60 The conventional rectenna system as shown in FIG . 1A is 
embodiments . not favorable for broadband and multi - band rectennas . Here 
FIG . 7B shows a graph depicting a 3D antenna radiation inafter , a description will be given on the new technology to 
pattern at 1 . 8 GHz of a rectenna according to various design a high efficiency broadband rectenna without using 
embodiments . the impedance matching network . 
FIG . 7C shows a graph depicting a 3D antenna radiation 65 FIG . 1B shows a rectenna system according to various 
pattern at 2 . 1 GHz of a rectenna according to various embodiments . The rectenna 300 may comprise a receiving 
embodiments . antenna 140 , a rectifying diode and / or rectifying circuit 160 , 
40 
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and a load 180 which may be connectible to the rectenna . In metrical dipole arms of equal lengths . One application of the 
some aspects , the load 180 may be connected to the output OCF dipole is to realize a multiband antenna , since the 
of the rectifying diode 160 . resonant center - fed dipole has its fundamental frequency at 
The antenna 140 , according to a feature of the embodi f , and harmonics at 3f0 , 500 , 700 , and so on . While the OCFD 
ments , may be configured to provide a high input impedance 5 can resonate at fo , 2fo , 4f , and 8f , by offsetting the feed by 
over a broad frequency range . The input impedance may be N4 from the center . Such OCFDs are very popular in the 
controlled and tuned to an optimized value , wherein the amateur radio community . But , one of the major problems of 
optimized value of the input impedance may be conjugate the OCFD is that the radiation resistance of the antenna 
matched to an impedance of a rectifying diode and / or a could be very high , thus it is required to use a 4 : 1 or 6 : 1 
rectifying circuit 160 ( e . g . , to within 50 percent for a 10 balun transformer to convert the impedance to the feeding 
reflection coefficient smaller than - 6 dB ) . In some aspects , port 50 ohms resistance . This is a disadvantage for most of 
a conventional rectifying circuit 160 comprising Schottky those applications in a conventional 5022 feed system ) 
barrier diodes may have a complex input impedance , using OCFDs , but this feature could be used in the proposed 
wherein the real part of the impedance may vary between rectenna design . The OCFD may be well configured with a 
10022 to 4009 and the imaginary part of the impedance may 15 rectifier without using matching networks since the rectifiers 
vary between - 70092 and 09 . The reasons that could cause are normally of high input impedance ( e . g . > 2009 ) as well . 
such variations in the impedance of the conventional recti In accordance with various embodiments , FIG . 2 illus 
fying circuit 160 may include different operating conditions trates a wideband high impedance off - center - fed ( OCF ) 
such as frequency , input power level and load value , as well dipole antenna 142a , which may be printed on a single - sided 
as the different characteristics of the rectifying diodes . 20 substrate 141a ( e . g . , a printed circuit board ( PCB ) such as 
According to a feature of the embodiments , the antenna 140 , FR4 , Rogers RTduroid5880 , and 6002 ) . The substrate 141a 
may have a complex output impedance , wherein the com - may , for example , have a relative permittivity of around 2 to 
plex output impedance may be tunable from a low value 6 and a thickness of around 1 to 3 mm . A size of the PCB 
( e . g . , 502 ) to a relatively high value ( e . g . , up to 40092 ) based may be equal to approximately 120 mm - x120 mm . There 
on systematic design variations of the antenna 140 structure . 25 may be no need for a metallic ground plane below the 
The optimized value of the impedance that can match the rectenna 142A and / or attached to the substrate . 
input impedance of the rectifier could be selected . The The OCF dipole antenna 142a , in accordance to some 
impedance matching network can therefore be eliminated embodiments , may comprise a very high input impedance 
while the rectenna may provide high power conversion ( e . g . , over 15092 and up to 40092 ) at the interface to the 
efficiencies over a broad range of operating frequencies . 30 rectifier . The reason is that the current at the feed point of an 
Since both the impedance of the antenna 140 and the asymmetrical OCF dipole may be smaller than that of a 
impedance of the rectifier 160 may be of high values ( e . g . , center - fed ( e . g . , symmetrical ) dipole in the case of half 
over 15012 for the real part , - 300 to 092 for the imaginary wavelength dipoles . For two dipoles that are of substantially 
part ) , a reflection coefficient ( S1 ) value for the rectenna 300 similar electrical lengths and radiating substantially similar 
may be low ( e . g . S , , < - 10 dB ) for a wide range of operating 35 power , a radiation resistance of the asymmetrical OCF 
parameters ( such as frequency of operation , input power dipole may be larger than that of the symmetrical dipole 
level , and types of load , etc . ) . The high impedance conjugate since the power radiated by the dipole can be expressed as 
matching system for the rectenna 300 may reduce effects on P = I²R , where I is the current at the feed point and R is the 
Su caused by non - linearity ( e . g . , impedance variation of the radiation resistance . To gain a better understanding , a simple 
rectifier against frequency , input power level , and load 40 half - wavelength dipole is simulated in free space by using 
impedance ) present in operating parameters of the rectifying the CST Microwave Studio® software , wherein the arms of 
circuit . In some variations , an impedance matching network the dipole are made of copper wires with a diameter of 1 
of a conventional broadband rectenna may be eliminated by mm . The total length of the dipole is about 100 mm , thus the 
using the rectenna 300 and may provide more consistent and resonance frequency of the half - wavelength dipole is about 
stable operational performance than the conventional rect - 45 1 . 5 GHz . The real part and imaginary part of the impedance 
ennas 200 comprising the matching network 110 as depicted at 1 . 5 GHz are shown in Table I for different feed locations . 
in FIG . 1A . Five different scenarios are listed , namely , the ratio of the 
In some embodiments , the effects on the reflection coef - length of the long arm to the length of the short arm is 
ficient of the rectenna 300 caused by differing impedances increased from 1 ( center - fed dipole ; long arm : 50 mm , short 
associated with different rectifiers may also be significantly 50 arm : 50 mm ) to 9 ( OCF dipole ; long arm : 90 mm , short arm : 
reduced due to the high impedance of the rectenna 300 . 10 mm ) . 
Thus , the rectenna 300 , in accordance to some of the 
embodiments described herein , may have consistent perfor TABLE I 
mance while using different rectifying diodes or rectifying 
circuits . More particularly , the rectenna 300 may still main - 55 SIMULATED INPUT IMPEDANCE OF THE DIPOLE WITH DIFFERENT FEED LOCATIONS tain its broad bandwidth and high power conversion effi 
ciency while using different types of Schottky diodes and Real part Imaginary part 
rectifying topologies . This advantage is normally not avail Long arm ( mm ) Short arm ( mm ) at fo ( 2 ) at fo ( 2 ) 
able in conventional rectennas that use a 5022 port and 10 320 - 213 
corresponding matching networks , since the effects on the 60 80 20 165 - 30 
reflection coefficient due to the impedance variation could 70 30 102 - 0 . 8 
be very large in such a low impedance ( 502 ) matching 40 79 5 . 6 50 6 . 4 system . 
A single off - center - fed ( OCF ) dipole antenna is a dipole 
with asymmetrical arms . The OCF dipole antenna , with two 65 From Table I , the impedance values listed for the last row 
asymmetrical dipole arms of unequal lengths , is different correspond to the center - fed dipole design , since the two 
from a conventional center - fed dipole antenna having sym arms of the dipole are substantially similar and of approxi 
60 
50 
US 10 , 090 , 595 B2 
mately 50 mm in length . The impedance values for the other 150 . The third symmetric dipole is structurally different 
rows of Table 1 , wherein the ratios of the length of the longer from the asymmetric dipoles with two arms , namely the fifth 
arm to the length of the shorter arm are 6 / 4 , 7 / 3 , 8 / 2 , and 9 / 1 arm 145 and the sixth arm 146 that are the same or about the 
respectively , correspond to the OCF dipole design . From same length . In some embodiments , a total length of the 
Table I , it is apparent that the radiation resistance ( real part ) 5 third dipole or a sum of the lengths of the fifth arm and the 
of the center - fed dipole is about 732 , which is lower than sixth arm , may be shorter than the first two dipoles , e . g . , 
that for the OCF dipoles . The OCF dipole design enables an about 45 mm . 
approximate 4 . 4 fold increase in the value of the input The antenna 142b in accordance to the features of various 
impedance from approximately 73 to approximately 32022 embodiments consists of two OCF asymmetric dipoles and 
by increasing the ratio of the length of the longer arm to the 10 a symmetric dipole , wherein the antenna has at least six 
length of the shorter arm to about 9 / 1 . The imaginary part of arms . The dipole arms may have a radial stub structure for 
the input impedance may be maintained nearly constant , realizing a wider impedance bandwidth . Thus the antenna 
from approximately 09 to approximately 62 , for a 7 / 3 or could obtain a relatively high input impedance ( e . g . from 
less ratio of longer to shorter arm length . Therefore , the 150 to 4002 ) within the frequency range of interest . The 
value of the impedance of the OCF dipole may be tuned to 15 high impedance of the antenna in accordance with various 
desired high and / or low impedance values by modifying the embodiments mainly relies on the ratio of the length of the 
aforementioned ratio . In addition , if the center - fed half - longer arm to the length of the shorter arm , as previously 
wavelength dipole is of broad bandwidth ( e . g . with a frac - discussed in Table I . More particularly , a larger ratio may 
tional bandwidth > 10 % ) , the impedance within the band result in a higher value for the impedance while a smaller 
width of interest may be increased by modifying the center - 20 ratio may produce a lower value for the impedance . The 
fed dipole to the OCF dipole design . bandwidth ( frequency range of operation ) of the antenna 
FIG . 3A shows an example hardware configuration for a may result from the radial stub ( bow - tie ) structure for the 
rectenna . A rectifier 161a ( which may be similar to , and / or arms of the dipole . More particularly , a wider bandwidth 
correspond to the diode or rectifying circuit 160 of FIG . 1B ) may be realized for the radial stub with a large sector angle 
connects to the OCF dipole antenna 142b in accordance with 25 a ( e . g . , greater than 30 degrees but less than 90 degrees ) , 
various embodiments . While this embodiment illustrates while a narrower bandwidth may be realized for the radial 
three dipoles , other embodiments may include more dipoles stub with a small sector angle a ( e . g . , greater than 5 degrees 
or less dipoles depending upon the application . but less than 30 degrees ) . The aforementioned two param 
In some embodiments , the antenna 142b may consist of eters , namely the radial stub structure and the sector angle , 
three dipoles fed by the coplanar stripline comprising a first 30 may be critical for the design of the high impedance , 
conducting strip 149 and a second conducting strip 150 . A broadband rectenna 300 and may be optimized to achieve 
first dipole may be an asymmetric dipole that may comprise desired performance metrics of high conversion efficiency 
two dipole arms 143 and 148 of unequal lengths . The first ( e . g . , greater than 30 % ) , high output power ( e . g . , greater 
dipole arm 143 and the second dipole arm 148 may be than 10 dBm ) , etc . 
electrically connected to the first conducting strip 149 and 35 In some embodiments , arms 143 and 144 may have an 
the second conducting strip 150 , respectively . In some equal dimension , wherein a sector angle may be 20 - degree 
embodiments , a sum of the length of the first dipole arm 143 for the radial stub structure , and / or a corresponding radius 
and the length of the second dipole arm 148 may correspond may be 70 mm for the radial stub structure . Arms 145 and 
to a half wavelength at a resonance frequency . In some 146 may have an equal dimension , wherein a sector angle 
embodiments , a ratio of a length of the first dipole arm 143 40 may be 30 - degree for the radial stub structure , and / or a 
to a length of the second dipole arm 148 may be 7 / 3 . This corresponding radius may be 22 . 5 mm . Arms 147 and 148 
may increase an impedance of the antenna 142b at the may have an equal dimension , wherein a sector angle may 
resonance frequency . As illustrated in Table I , when the be 30 - degree for the radial stub structure , and / or a corre 
aforementioned ratio is less than 7 / 3 , the real part of the sponding radius may be 30 mm . In some embodiments , the 
impedance of the dipole can be increased while the imagi - 45 first conducting strip 149 and the second conducting strip 
nary part of the impedance may remain substantially con - 150 may have a strip width of 1 . 5 mm and a length of 32 
stant . Therefore , in various embodiment of antenna 142a , mm . A gap between the first conducting strip and the second 
the ratio is selected as 7 / 3 in order to avoid the impedance conducting strip may be 1 mm . 
mismatch due to the large variation of the imaginary part of The rectifier 161a , in accordance to the some embodi 
the impedance and improve the impedance matching per - 50 ments , may be directly connected to the antenna 1425 
formance of the final rectenna . In some embodiments , the without using impedance matching networks . FIG . 3B pro 
length of the first dipole arm 143 may be greater than twice vides a perspective view of the OCF antenna 142b config 
but less than three times ( 2sratios3 ) the length of the second ured with the rectifier 161a . The rectifier 161a is connected 
dipole arm 148 . Likewise , the length of the second dipole to the parallel conducting strips extended from the antenna 
arm 148 may be greater than the length of the first dipole by 55 142b . In some embodiments , the rectenna including the 
a similar ratio ( 2sratios3 ) . antenna 142b and the rectifier 161a may be printed on 
FIG . 3A shows that the second asymmetric dipole com substrate 141b ( e . g . , a one - sided Duroid® 6002 substrate 
prising the third arm 144 and the fourth arm 147 is substan made by Rogers Corporation ) with a relative permittivity of 
tially similar to the first asymmetric dipole comprising the approximately 2 . 94 and a thickness of approximately 1 . 52 
first arm 143 and the second arm 148 except for a spatial 60 mm . In various embodiments , the size of the PCB 141b may 
orientation of the first asymmetric dipole which is orthogo - be 120x120 mm2 . Since the impedance matching network 
nal relative to a spatial orientation of the second asymmetric could be eliminated by using some embodiments disclosed 
dipole . The ratio between the length of the third arm 144 and herein , the rectifier 161b may consist of a single diode and 
the length of the fourth arm 147 may be the same as the first a load . 
dipole , e . g . , approximately 7 / 3 , 2sratios3 . Both the OCF 65 FIG . 4 is a schematic view of a dipole , represented by an ( e . g . , asymmetric ) dipoles have a pitch angle of 45 - degree to AC source and DC Block , connected to a single shunt diode 
the first conducting strip 149 and the second conducting strip rectifier in accordance with various embodiment disclosed 
US 10 , 090 , 595 B2 
10 
herein . The single shunt diode rectifier may have a high The rectifier 161B , in accordance to various features 
maximum theoretical power conversion efficiency ( up to described herein , may be further simplified by using a single 
90 % ) and a simple circuit topology in comparison to other shunt diode as the rectifier 160 ( e . g . , without 167a and 
rectifiers or rectifying circuits that may be capable of achiev - 170a ) . However , the power conversion efficiency of the 
ing similar efficiencies . Thus , the single shunt diode rectifier 5 rectifier 160 may be improved and the ripple of the output 
may be selected as part of the rectenna 300 system . FIG . 4 voltage may be decreased in various embodiments by inclu 
shows the rectifier 160 that may consist of a shunt rectifying sion of the RF choke 167A and the shunt capacitor 170A . 
diode 162 ( such as a Schottky GaAs diode ) , an RF choke Inclusion of the aforementioned two components , namely the shunt capacitor 170a and the inductor 167a , may 163 for removing the AC components generated from the 
diode 162 , a shunt capacitor 164 for smoothing the output 10 improve the overall performance of the rectenna 300 . FIG . 5B shows a perspective view illustrating the con DC voltage waveform and a resistive load 165 . The RF figuration of the rectifier 161a in FIG . 4 or 5A connected to choke 163 may be an inductor while the resistive load 165 the feed lines 149 and 150 of the antenna 142b in FIG . 3A . 
may be a resistor , a super capacitor , and / or a DC - DC boost The rectenna 300 may be fabricated on substrate 141b ( e . g . , 
converter . 15 the one - sided Duroid® 6002 substrate made by Rogers FIGS . 5A and 5B show the configuration of the rectifier Corporation ) . In various embodiments , the circuit compo 
161a or 161b connected to a feed line of the antenna 142b . nents of the rectifier 161b may include a surface mountable 
In some embodiments , the feed line for the antenna may chip inductor 167b and a chip capacitor 170b that are 
include a coplanar stripline having two parallel conducting suitable for rectifiers fabricated on printed circuit boards . 
strips . More particularly , the feed line structure of various 20 The chip inductor 167b may be connected between the 
embodiments may differ from a conventional microstrip conducting strips 166b and 1686 , the packaging size of the 
transmission line structure that may consist of a conducting chip inductor 167b may be , for example , a conventional 
strip attached to a top surface of a substrate and a metal 0603 with a width of approximately 0 . 8 mm , a length of 
ground strip attached to a bottom surface of the substrate . approximately 1 . 6 mm and a height of approximately 0 . 8 
The coplanar stripline in various embodiments is a twin - wire 25 mm . The chip capacitor 170b and the chip resistor 1716 may 
structure that may have two parallel conducting strips have the same packaging size ( 0603 ) , and may be connected 
printed on the same side of the substrate ( e . g . , the substrate between the conducting strips 1725 and 1686 . The diode 
141a or 141b ) and no metal ground plane on the other side 169b may , for example , be a Schottky barrier diode with the 
of the substrate . The arms of each dipole of the antenna are packaging dimension of SC - 79 ( e . g . , height : 1 mm , width : 
electrically connected to the two parallel conducting strips 30 1 . 3 mm , and length : 2 . 2 mm ) , and connected between the 
respectively . For example , for the first asymmetric dipole , conducting strips 1725 and 166b . 
the first arm 143 may be connected to the first conducting FIG . 6A and FIG . 6B compare the simulated real part and 
strip 149 and the second arm 148 may be connected to the imaginary part of the impedance between the OCF dipole 
second conducting strip 150 . For the second asymmetric antenna 142b and a conventional dipole antenna respec 
dipole , the third arm 144 may be connected to the second 35 tively . The OCF dipole antenna 142b and the conventional 
conducting strip 150 and the fourth arm 147 may be elec - dipole antenna used for the simulations of FIGS . 6A and 6B 
trically connected to the first conducting strip 149 . For the may have substantially similar dimensions but the conven 
symmetric dipole , the fifth arm 145 may be connected to the tional dipole antenna used for the simulations has a center 
first conducting strip 149 and the sixth arm 146 may be feed with identical dipole arms . FIGS . 6A and 6B show that 
electrically connected to the second conducting strip 150 . 40 the impedance of the proposed OCF dipole antenna 142b is 
The coplanar stripline may be an extension from the antenna much higher than the impedance of the conventional dipole 
142b . A first strip 172a ( which may be similar to and / or at frequencies near 0 . 9 GHz and frequencies between 1 . 8 
equivalent to the first conducting strip 149 of FIG . 3A ) may GHz and 2 . 5 GHz . Also the imaginary part of the impedance 
be a strip which may have a negative voltage output . A first of the OCF dipole achieves wider resonance and anti 
terminal 181a associated with the first strip 172a may be 45 resonance frequency regions , wherein the value at approxi 
electrically connected to one pole of antenna 142b . A second mately 0 . 9 GHz and between about 1 . 8 GHz - 2 . 5 GHz may 
terminal 186a associated with a second strip 166a may be vary between - 300 ohms and 300 ohms . The wider regions 
connected to the other pole of antenna 142b . The second of resonance and anti - resonance frequencies may enable 
strip 166a may be similar to and / or equivalent to the second improved impedance conjugate matching between the 
conducting strip 150 of FIG . 3A . A gap between a second 50 antenna 142b and the rectifier 160 . 
terminal 182a associated with the second strip 166a and a In some embodiments , for a range of operating condi 
third terminal 183a associated with a third strip 168a may be tions , such as input power levels from - 30 dBm to 20 dBm , 
used for mounting a RF choke . An inductor 167a ( e . g . , 47 operating frequencies from 0 . 9 GHz to 2 . 5 GHz , and load 
nH ) may be used as the RF choke . A diode or rectifier 169 resistances from 300 ohms to 2000 ohms , the predicted 
may be electrically shunt connected between the first strip 55 ( simulated ) input impedance of the rectifier 160 may vary 
172a and the second strip 166a and mounted above ( as between ( 200 + j700 ) 2 and ( 20 - j600 ) 2 . The input imped 
illustrated ) the inductor 167a . A shunt capacitor 170a ( e . g . , ance of the aforementioned OCF antenna 142b ( which may 
100 nH ) may be used as a low pass filter for smoothing the be , similar to and / or equivalent to , the antenna 140 of FIG . 
DC ripple voltage at the output . The capacitor 170a may be 1B or the antenna 142a of FIG . 2 ) may conjugate match to 
mounted after the diode 169a and the inductor 167a and / or 60 the impedance of the rectifiers 161a or 161b under the 
electrically connected between the first strip 172a and the aforementioned range of operating conditions . In some 
third strip 168a . A resistor 171a may be used as the load , and embodiments , the antenna 142a and the rectifier 160 , 161a 
electrically connected between a fourth terminal 184a asso - or 161b may comprise the rectenna 300 . 
ciated with the first strip 172a and a fifth terminal 185a Referring now to FIG . 7A , FIG . 7B , FIG . 7C and FIG . 7D , 
associated with the third strip 168a . A positive output 65 simulated 3D radiation patterns and gains for the OCF 
voltage across the resistor may be observed at the third antenna 142b have been shown in accordance to the features 
conducting strip 168a . of the embodiments . In some embodiments , FIG . 7A shows 
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that the antenna 142b achieves a bidirectional radiation ( from Skyworks ) may be suitable for the ambient wireless 
pattern and a maximum gain of around 1 . 82 dBi at frequen - energy harvesting applications . 
cies of approximately 0 . 9 GHz . This may be an advantage Different types of diodes may have different equivalent 
for ambient wireless energy harvesting applications wherein circuits that may each result in different input impedances . 
wireless electromagnetic signals may be received from 5 The conventional rectenna system 200 , as shown in FIG . 1A , 
varving directions within the environment . In some embodi - may not be suitable for connecting to different diodes , since 
ments , FIGS . 7B , 7C and 7D show that the antenna 1425 the impedance matching network 110 is designed to trans 
pattern may be more directive around frequencies of 1 . 8 form the rectifier impedance to 5092 , the operational param 
GHz , 2 . 1 and / or 2 . 4 GHz , wherein the maximum gain may eters of the conventional rectenna system 200 may be very 10 sensitive to variations of impedances associated with the be about 3 . 3 dBi ( e . g . , 3 . 46 dBi , 3 . 02 dBi and 3 . 36 dBi , different diodes . According to a feature of the embodiments , respectively ) at Phi ( as marked in the figures ) equals to the rectenna is configured to have a very high input imped 90 - degree . In some aspects , it may be favorable to use a ance for both the OCF dipole antenna and the rectifier predetermined source ( e . g . , a directive antenna ) transmitting resulting in a conjugate matched high impedance system . 
a fixed RF power and using the rectenna 300 to receive the 15 eceive the 15 The impedance variation associated with the use of different power over a certain distance for WPT applications . In some types of diodes is reduced in such a high impedance con 
embodiments , the rectenna is configured to receive the jugate matched system and the rectenna may maintain a high 
power at its maximum gain directions ( e . g . , Phi = 90 - degree ) . power conversion efficiency for different types of diodes . 
The RF - to - DC power conversion efficiency is one param FIG . 9 shows a graph of RF - to - DC power conversion 
eter indicative of the performance of a rectenna , and the 20 efficiency versus input power level for the rectenna using 
RF - to - DC power conversion may be calculated using the different types of diodes . The frequency of operation is 
following equation 1 , where V is the output DC voltage , R approximately 0 . 9 GHz while the load resistance is approxi 
is the load resistance and Pin is the input power to the mately 5002 . 
rectifier . As depicted in FIG . 9 , the input RF power at the given 
25 frequency and load value could be well delivered to the 
rectifier , even if the types of the diodes are very different . 
[ Equation 1 ] The realized peak power conversion efficiency ( with the 
corresponding input power level ) for using different types of 
diodes is given as follows , 58 % at 0 dBm ( SMS 7630 ) , 60 % 
30 at 5 dBm ( HSMS 2850 ) , 65 % at 12 dBm ( HSMS 2860 ) , and 
The simulated and measured RF - to - DC power conversion 70 % at 20 dBm ( HSMS 2820 ) . The power conversion 
efficiencies of the rectenna 300 ( e . g . , 142b and 161a ) , in efficiency for low input power levels is different since each 
accordance various aspect , are depicted in FIG . 8 . The diode diode has its unique forward bias voltage . According to a 
modeled and used is a Schottky barrier diode SMS 7630 , feature of the embodiments , the performance of the rectenna 
provided from Skyworks Inc . The load resistance is 5002 , 35 using the SMS 7630 diode and the HSMS 2850 diode is the 
and input power level is - 10 dBm . The peak efficiency of best for low input power applications . FIG . 10 shows a graph 
55 % may be realized at frequencies around 0 . 9 GHz and of frequency dependent RF - to - DC power conversion effi 
frequencies around 1 . 8 GHz , while the efficiency is greater ciency for the rectenna disclosed herein corresponding to 
than 40 % over a broad range of frequencies ( such as from different types of diodes and input power levels . At the 
0 . 95 GHz to 1 . 1 GHz , and from 1 . 75 GHz to 2 . 45 GHz ) . The 40 Optimal input power level for realizing the peak power 
antenna 142B demonstrates that a substantial percentage of conversion efficiency , the rectenna still has maintained per 
the received RF power may indeed be delivered to the formance in terms of the power conversion efficiency as well 
rectifier ( e . g . , using a diode 160 , 162 , 169 such as SMS7630 as the bandwidth . More particularly , it does not matter what 
from Skyworks , HSMS2850 , 2860 from Avago ) without type of diode is implemented in the design , the rectenna 
using an impedance matching network . As aforementioned , 45 consistently maintains a high power conversion efficiency 
the impedance of the OCF antenna 142b directly conjugate over a broad range of operating frequencies such as from 0 . 9 
matches to the impedance of the rectifier 160 ( e . g . , within 50 GHz to 1 . 1 GHz , and / or from 1 . 8 GHz to 2 . 4 GHz . 
percent , for a reflection coefficient smaller than - 6 dB ) . In some embodiments , variations in load impedance and / 
The diode disclosed herein may preferably be a Schottky or resistance may not influence the performance of the 
GaAs barrier diode . For WPT applications using a prede - 50 rectenna 300 . FIG . 11 shows a graph depicting simulated 
termined source ( e . g . , a directive transmitting antenna ) , the frequency dependent RF - to - DC power conversion efficiency 
conditions for the diode according to various features may of the rectenna 300 disclosed herein corresponding to dif 
include a high breakdown voltage ( e . g . , greater than 5 V ) ferent load values . The load may be replaced by resistors 
and a high saturation current ( e . g . , greater than 5 UA ) that with different values such as 29092 and 150092 , while the 
may help achieve a high output voltage ( e . g . , up to 10 V ) and 55 design of the rectenna 300 is not modified . The input power 
high power conversion efficiency ( e . g . , up to 90 % ) under is - 10 dBm , and type of diode is SMS 7630 . FIG . 11 shows 
high power transmission ( e . g . , greater than 10 dBm ) condi - that the power conversion efficiency is well maintained in a 
tions . In other variations for ambient wireless energy har - range of load values from 30092 to 150092 . 
vesting applications , a low forward bias voltage and small The foregoing description of the features of the embodi 
series resistance of the diode enable the device to detect 60 ments demonstrates that the conventional rectenna system 
small signals ( e . g . , signal power is less than - 20 dBm ) while may be significantly improved and simplified by using the 
maintaining good overall power conversion efficiency ( e . g . , technologies in accordance to the various embodiments 
greater than 30 % ) . For the WPT applications using the described herein . The design of a high impedance antenna 
predetermined source ( e . g . , a directive transmitting ( such as the antenna 142b ) may enable a rectifying circuit 
antenna ) , the selected diodes may be of type HSMS 2820 65 ( such as the rectifiers 161a or 161b ) to be directly connected 
and HSMS 2860 , provided from Avago Technologies . The to the high impedance antenna without the need for an 
diodes named HSMS 2850 ( from Avago ) and SMS 7630 impedance matching network ( such as the impedance 
13 
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matching network 110 ) that is conventionally connected pole of the antenna and a second conducting strip connected 
between an antenna and a rectifying circuit . Therefore , this to another pole of the antenna , wherein the rectifying circuit 
approach circumvents the complexities associated with a comprises a shunt rectifying diode connected between the 
design of impedance matching networks , and the high first conducting strip and the second conducting strip . 
impedance of the antenna greatly reduces the influence of 5 9 . The apparatus of claim 1 , wherein the rectifying circuit 
non - linearities associated with the rectifying circuit 161b on comprises a shunt rectifying diode , wherein a reflection the overall performance of the rectenna 300 . The rectenna coefficient between the antenna and the shunt rectifying 300 , in accordance to the embodiments described herein , diode is less than - 6 dB . 
may achieve high efficiency WPT and ambient RF energy 10 . The apparatus of claim 1 , wherein the apparatus is harvesting capabilities , under varying operating conditions 10 configured to have a range of operating frequencies includ 
and for different types of rectifiers . ing 0 . 9 GHz . Although selected features of the embodiments have been 
shown and described , it is to be understood the embodiments 11 . The apparatus of claim 1 , wherein the apparatus is 
are not limited to the described features . Instead , it is to be configured to have a range of operating frequencies includ 
appreciated that changes may be made to these features 15 ing 1 . 0 GHz and 2 . 4 GHZ . 
without departing from the principles and spirit of the 12 . An apparatus comprising : 
embodiments , the scope of which is defined by the claims an off - center - fed dipole antenna comprising at least six 
and the equivalents thereof . dipole arms configured to receive radio - frequency sig 
The invention claimed is : nals ; and 
1 . An apparatus comprising : a rectifying circuit configured to convert the radio - fre 
an antenna configured to receive a radio frequency signal , quency signals received by the off - center - fed dipole 
wherein the antenna comprises : antenna to direct current power , and wherein an imped 
a first off - center - fed dipole , ance of the off - center - fed dipole antenna and an imped 
a second off - center - fed dipole , and ance of the rectifying circuit are conjugate matched to 
a center - fed dipole ; and within a - 6 dB reflection coefficient . 
a rectifying circuit connected to the antenna and config - 13 . The apparatus of claim 12 , wherein the at least six 
ured to convert alternating current power generated by dipole arms are arranged as at least one symmetric dipole 
the antenna to direct current power . and at least two asymmetric dipoles . 2 . The apparatus of claim 1 , wherein the first off - center 14 . The apparatus of claim 13 , wherein the at least two fed dipole , the second off - center - fed dipole , and the center - 30 as su asymmetric dipoles comprise : fed dipole each comprise : a first asymmetric dipole including a first arm and a 
a first arm that extends radially from a first pole of the second arm , wherein a length of the first arm is greater antenna ; and 
a second arm that extends radially from a second pole of than twice a length of the second arm ; and 
the antenna . a second asymmetric dipole including a third arm and a 
3 . The apparatus of claim 2 , further comprising a coplanar fourth arm , wherein a length of the third arm is greater 
stripline having a first conducting strip connected to the first than twice a length of the fourth arm . 
pole of the antenna and a second conducting strip connected 15 . The apparatus of claim 12 , wherein the apparatus is 
to the second pole of the antenna . configured to have a first range of operating frequencies that 
4 . The apparatus of claim 3 , wherein : 40 is centered around a frequency of operation of about 0 . 9 
the center - fed dipole is arranged at a pitch angle of GHz and a second range of operating frequencies between 
approximately 90 degrees to the coplanar stripline ; about 1 . 8 GHz to 2 . 4 GHz . 
the first off - center - fed dipole is arranged at a pitch angle 16 . An apparatus comprising : 
of approximately 45 degrees to the coplanar stripline ; an antenna comprising three or more dipoles including 
one or more symmetric dipoles and one or more 
the second off - center - fed dipole is arranged at a pitch asymmetric dipoles ; 
angle of approximately 45 degrees to the coplanar a coplanar stripline comprising a first conducting strip and 
stripline and a pitch angle of approximately 90 degrees a second conducting strip ; and 
to the first off - center - fed dipole . a rectifying circuit connected to the three or more dipoles 
5 . The apparatus of claim 2 , wherein the first arm and the 50 of the antenna via the coplanar stripline , wherein the 
second arm of each of the first off - center - fed dipole , the rectifying circuit comprises a rectifying diode con 
second off - center - fed dipole , and the center - fed dipole are nected between the first conducting strip and the second 
narrower at ends connected to , and wider at ends distal from , conducting strip , and wherein an input impedance of 
the first pole and the second pole . the antenna is conjugate matched to an impedance of 
6 . The apparatus of claim 2 , wherein edges of the first arm 55 the rectifying diode such that a reflection coefficient 
and the second arm of each of the first off - center - fed dipole , between the antenna and the rectifying diode is less 
the second off - center - fed dipole , and the center - fed dipole than - 6 dB . 
are formed by radial lines extending from the first pole and 17 . The apparatus of claim 16 , wherein the one or more 
the second pole . asymmetric dipoles each comprise a longer arm and a 
7 . The apparatus of claim 1 , further comprising a coplanar 60 shorter arm , wherein the longer arm is greater than twice a 
stripline , wherein each of the first off - center - fed dipole , the length of a shorter arm . 
second off - center - fed dipole , and the center - fed dipole com - 18 . The apparatus of claim 16 , wherein the one or more 
prises a pair of arms , each arm formed as a sector on a asymmetric dipoles comprise arms formed as sectors having 
surface of a substrate and connected to one of two conduc - sector angles in a range of 30 degrees to less than 90 degrees . 
tive strips of the coplanar stripline . 65 19 . The apparatus of claim 16 , wherein the three or more 
8 . The apparatus of claim 1 , further comprising a coplanar dipoles comprise arms that extend radially from either the 
stripline having a first conducting strip connected to one first conducting strip or the second conducting strip . 
and 
16 
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15 
20 . The apparatus of claim 19 , wherein the arms are 
narrower at connections to the coplanar stripline and wider 
at ends distal from the coplanar stripline . 
* * * * 
